Implications of CO2 Activation by Frustrated Lewis

Introduction
Carbon dioxide is an abundant, inexpensive, low toxic and renewable carbon feedstock and therefore an appealing C1-building block in organic chemistry. [1] [2] [3] The efficient reduction of CO2
to important raw materials for the chemical industry or to value-added chemicals is however hampered by its high thermodynamic stability and kinetic inertness towards reduction. This drawback calls for efficient reduction catalysts able to synchronize C-O bond cleavage with C-H and C-C bond formation, at a high kinetic rate and with a low energy demand. While CO2
activation and reduction at a metal center has been thoroughly investigated over the last four decades, 2,4-8 organic systems able to perform this task, based on main group elements (e.g. B, N, O, P, Si), remain sporadic and underexplored. Many different coordination modes have been unveiled for the interaction of CO2 with a transition metal or an f-element, based on the nature of the metal ion and the redox state of the CO2 ligand. 9, 10 In organic chemistry, CO2 activation is quite monotonous and relies on the formation of stable adducts with organic Lewis bases, such as guanidines or N-heterocyclic carbenes (NHCs). [11] [12] [13] Nevertheless, most progress has been gained via the synergistic action of Lewis pairs, able to coordinate both the C and O centers of CO2.
Within the concept of Frustrated Lewis Pairs (FLPs), introduced by Stephan and Erker, 14-17 several CO2 adducts have been successfully isolated over the last 6 years, in which the C atom is attached to a C, N or P donor while one or two O atoms coordinate a group XIII Lewis acid (B or Al). [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Although FLP-CO2 adducts are commonly proposed as catalytic intermediates in the reduction of CO2 with hydrosilanes or hydroboranes, their possible involvement and role in the catalysis remain yet unclear. [29] [30] [31] [32] [33] [34] Experimentally, FLPs that catalyze the hydroelementation of CO2 do not form observable adducts with CO2 and, conversely, only a single N/B FLP-CO2 adduct has been reported so far to promote the catalytic hydroboration of CO2, by our group. 27, 35 Mechanistically, CO2 adducts may have a decreased reactivity compared to free CO2 in the presence of a reductant and reactive CO2 adducts that are not thermodynamically favored under catalytic conditions may form without being detected.
Scheme 1. Silylium-based FLP systems for the activation of small molecules (CO2 and H2).
In order, to better address the role and influence of CO2 adducts in the metal-free catalytic 39 We report herein the formation of novel intramolecular FLP-CO2 adducts by reaction of CO2 with nitrogen stabilized silyl cations. These systems exhibit excellent catalytic activity in the hydroboration of CO2 and the catalytic involvement of FLP-CO2 adducts is addressed, based on mechanistic experimental and DFT investigations (Scheme 1).
Results and discussion
Synthesis of novel FLP-CO2 adducts. We recently reported that both 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and guanidine substituted borane III are able to bind CO2 to afford adducts IV and V, respectively (Scheme 2). 27 Importantly, these species are highly active hydroboration catalysts and they promote the reduction of CO2 to the methanol level with 9-borabicyclo[3.3.1]nonane 9-BBN, at room temperature. In order to increase the activation of the C-O bond in CO2, the replacement of the organoborane Lewis acid with a more oxophilic silyl cation was envisioned. Unstabilized silyl cations are strong and  acceptors 40 and can undergo unwanted side reactions with the solvent.
41,42
Scheme 2. TBD and TBD-substituted borane II form CO2-adducts III and IV. to the isolation of the analogous compounds iPr 1 and Ph 1, respectively. Crystals of 1, grown from a pentane solution, revealed a monomeric structure with a hypervalent silicon center bound to two methyl groups, the two nitrogen donors of TBD and one chloride (Figure 1 ). 44 The silicon center adopts a distorted trigonal bipyramidal geometry, the Cl1 and N2 atoms occupying the axial positions with a Cl-Si-N2 bond angle of 159.20(4)°. The Si-N2 bond length is significantly longer than the Si-N1 bond length (1.9843 (12) It is notable that the formation of CO2 adducts with the intramolecular N/Si + FLPs seems sensitive to the steric crowding around the silylium center. In fact, no adduct is observed when the isopropyl or phenyl derivatives iPr 1 or Ph 1 are exposed to an atmosphere of CO2 (Scheme 3e). This behavior provides FLP systems for which activation of CO2 is disfavored and hence a platform to study the occurrence and catalytic importance of CO2 activation by FLPs (vide infra).
Catalytic hydroboration of CO2
The catalytic hydroboration of CO2 is an efficient method to reduce CO2 to the methanol level In the presence of 9-BBN and 1 atm of CO2 in THF, 2. 
Reaction mechanism and DFT calculations
The catalytic hydroboration of CO2 with 1, 1 + , iPr 1 and Ph 1 constitutes an appropriate system to explore the role and impact of FLP-CO2 adducts in the reduction of CO2, because these four active catalysts interact differently with CO2. Whereas 1 and 1 + form stable adducts with CO2, replacing the methyl groups on the silicon atom in 1 with i-Pr or Ph substituents provides iPr 1 and Ph 1, which do not react with CO2. In addition, different behaviours and trends were noticed for 9-BBN and pinBH suggesting that different mechanisms might take place in this important transformation.
Regardless of the nature of the hydroborane R2BH, the formoxyborane HCOOBR2 and the acetal H2C(OBR2)2 are intermediates in the formation of MeOBR2. In addition, the distribution of the products over time reveals that the reduction of CO2 to methoxyborane is kinetically controlled by the first hydroboration step, yielding HCOOBR2 (see ESI Page 6). The mechanism of the catalytic hydroboration of CO2 to formoxyboranes has thus been investigated using both DFT calculations and stoichiometric reactions.
Scheme 4. Computed pathway for the catalytic hydroboration of CO2 via CO2 activation (M05-2X/PCM THF). Values given are Gibbs Free Energies using 1 as a reference (G=0.0 kcal/mol).
Mechanism involving the activation of CO2. CO2-adducts are often described as keyintermediates in the catalytic cycle of CO2 reduction processes 25,57 and both adducts IV and V were shown to react with an electrophilic borane (9-BBN) to yield formate species. 27 In light of these data and the reaction chemistry of 1 described above, activation of CO2 by 1 is a reasonable Obviously, changing 9-BBN with catBH or pinBH does not modify the energy level of the CO2 adduct 2. Nevertheless, it affects the position of the corresponding TS for the hydride transfer to CO2 (TS2-3). Both catBH and pinBH possess a boron atom that is less Lewis acidic than 9-BBN, because the π lone pairs on the oxygen substituents are delocalized into the boron vacant p orbital.
As such, coordination of the hydroborane to the C=O group of the activated CO2 molecule is disfavoured and the TOF determining TS2-3 cat and TS2-3 pin are higher in energy than 2 (spans of 34.0 and 37.9 kcal/mol for catBH and pinBH, respectively). The computed order of reactivity 9-BBN > catBH > pinBH is thus in agreement with the experimental observations. Nonetheless, a span of 39.7 kcal/mol is relatively high for a catalytic reaction proceeding at 70 °C, thereby questioning the validity of a mechanism relying on CO2 activation for pinBH. In addition, while iPr 1 presents a better catalytic performance than 1 with pinBH, its computed energy span is 1.8
kcal/mol higher in energy (37.9 kcal/mol). Experimentally, no reaction is observed upon mixing Table 1 , entry 18). These facts definitively rule out a mechanism relying on CO2 activation for the hydroboration of CO2 with pinBH and an alternative pathway was sought. 6). Indeed, the ionization of the silicon-chloride bond is readily accessible in hypervalent chlorosilanes. 47 Starting from 1, such dissociation would be also favoured by the presence of an electrophile such as a hydroborane, to yield masked silylium ion 1 + . The hydride transfer from R2BHCl -to 1 + was computed for the three hydroborane reagents, to form hydrosilane 5 (Scheme 6). The formation of 5 and chloroborane R2BCl (6) by-product is slightly endergonic for the three hydroborane sources (+7.0 kcal/mol for 9-BBN, +10.9 kcal/mol for catBH and +7.8 kcal/mol for pinBH, Scheme 6). Nevertheless, the respective transition states energies are all accessible, suggesting that it is a viable intermediate on the hypersurface (17.0 kcal/mol for 9-BBN, 21.8 kcal/mol for catBH and 24.8 kcal/mol for pinBH, Scheme 6). Species 5 appears to be a potent reductant and outersphere hydride transfer from the Si-H group in 5 to an incoming CO2 molecule yields silylium 1 + and the formate anion with a low energy barrier of 18.9 kcal/mol, in agreement with the reported reactivity of other hypervalent hydrosilanes towards CO2. 62 Subsequent salt metathesis between HCOO -, R2BCl and 1 + finally regenerates catalyst 1 and releases formoxyborane HCOOBR2, without any significant energy barrier (<6 kcal/mol).
TS5-4 associated with the reduction of CO2 with 5 constitutes the highest energy rate determining state in this pathway. 63 Interestingly, the structure of TS5-4 does not depend on the nature of the hydroborane although its energy level is indirectly dictated by the formation of the chloroborane co-product R2BCl (6) . Although catalyst 1 is the lowest energy state in this pathway, CO2 adduct corresponds to the hydride abstraction from pinBH (TS5-4), the main factor governing its higher catalytic activity is the destabilization of CO2-adduct iPr 2 (+3.7 kcal/mol with respect to 2) (see SI, Table S1 ).
To further underline the feasibility of CO2 reduction by a based-substituted silane 5 (Scheme 7),
the synthesis of such a species was attempted. Guanidine substituted hydrosilane Ph 5 is easily accessible through dehydrogenative coupling of TBD with diphenylsilane and shows a characteristic hydride peak at 5.03 ppm in the 1 H NMR (Scheme 7, Figure S26 ). Crystals suitable for X-ray analysis were obtained by slowly cooling down a concentrated acetonitrile solution of for N1-Si-H1, N1-Si-C8a and N1-Si-C14a, respectively, the silicon geometry is slightly distorted from a tetrahedron, although a -bond as in 1 or iPr 1 is less likely due to a small bond angle of 153.6 ° for N2-Si-H1 and a long N2-Si distance of 2.648(5) Å. Under one atmosphere of CO2, a THF solution of Ph 5 evolves within minutes at room temperature to yield a formate species (Scheme 7, Figure S28 ). In the absence of an electrophilic scavenger, such as a chloroborane, this species then converts to formylated TBD by deoxygenation of the formate anion ( Figure S28 ). This chemical behaviour demonstrates the strong reductive capability of Ph 5 in the presence of CO2 64 , in agreement with the DFT model depicted in Scheme 6. by increasing the hydridicity of the B-H linkage by coordination to the boron center (Scheme 8A).
As an example, catalyst Me-TBD or pro-azaphosphatranes operate through this process. 27, 74 In a recent study by Bourissou and Fontaine 32 the importance of an intermediate formaldehyde adduct
was highlighted, which can also serve as a Lewis base. In contrast, Lewis acids may abstract the hydride of the B-H bond to yield a boron electrophile and convert the catalyst to a strong hydride donor, as observed for iPr 1 with pinBH (Scheme 8B). In these two mechanisms, the formation of stable CO2 adducts hampers the catalysis by stabilizing the catalyst's resting state. Finally, the organocatalyst can also activate the CO2 molecule, directly. As CO2 is a weak Lewis base, this mode of action usually involves a bifunctional activation of CO2 with the cooperative effect of a Lewis base and a Lewis acid (Scheme 8C). Catalysts 1, 2 + and IV were shown to follow this path, with 9-BBN. Importantly, the degree of activation of the CO2 molecule must be finely tuned to open this reduction path. Indeed, the "activation" of CO2 in the form of an adduct is both deleterious and necessary to the catalytic activity, as it stabilizes the lowest intermediate in the potential energy surface yet prepares CO2 for the subsequent reduction step by removing electron density from the carbon by coordination to the Lewis acid. It is noteworthy that future catalytic systems based on this approach should thus target compounds that show a low affinity for CO2, based on thermodynamics, yet increase the electrophilicity of the carbon center with strong Lewis acids.
Conclusion
A novel class of intramolecular nitrogen-silylium FLPs, e.g. TBDSiR2Cl (R = Me, i Pr, Ph) and their cationic derivatives, have been reported and their reactivity with CO2 has been investigated. 
